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Magnetism and superconductivity in cuprate heterostructures
studied by low energy μSR
Abstract
eterostructures consisting of magnetic and superconducting layers juxtaposed to each other are ideal
systems to investigate the interplay of the two order parameters and possible interlayer coupling. We
used the low energy muon spin rotation technique to study magnetic field distributions at different
implantation depths in tri-layered films composed of 75 nm thick YBa2Cu3O7-δ layers enclosing a 50
nm thick barrier layer of PrBa2Cu3O7-var epsilon. The PrBa2Cu3O7-var epsilon layer shows the
known antiferromagnetic ordering of the Cu and Pr moments, whereas our measurements indicate the
formation of a regular vortex lattice in the YBa2Cu3O7-δ layers if an external field is applied
perpendicular to the film.
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Abstract
Heterostructures consisting of magnetic and superconducting layers juxtaposed to each other are ideal systems to investigate the
interplay of the two order parameters and possible interlayer coupling. We used the low energy muon spin rotation technique to
study magnetic field distributions at different implantation depths in tri-layered films composed of 75 nm thick YBa2Cu3O7−δ layers
enclosing a 50 nm thick barrier layer of PrBa2Cu3O7−ε. The PrBa2Cu3O7−ε layer shows the known antiferromagnetic ordering of
the Cu and Pr moments, whereas our measurements indicate the formation of a regular vortex lattice in the YBa2Cu3O7−δ layers
if an external field is applied perpendicular to the film.
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1. Introduction
Cuprate heterostructures are ideal systems to study the
coexistence and competition of different order parameters
and possible interlayer coupling effects [1]. Recently, the so-
called giant proximity effects have been reported in Joseph-
son devices consisting of electrodes of high temperature
superconductors (HTS) and a barrier in the pseudogap
or antiferromagnetic state [2,3]. These experiments indi-
cate the presence of a superfluid amplitude in regions of
the phase diagram outside the superconducting dome. The
low energy muon spin rotation technique (LE-µSR) with
its unique possibility to measure local magnetic fields [4]
and field distributions and to identify superconducting and
magnetic fractions as a function of depth in different lay-
ers of heterostructures is well suited to address these ques-
tions. We report here on first investigations of the mag-
netic and superconducting properties of YBa2Cu3O7−δ–
PrBa2Cu3O7−ε–YBa2Cu3O7−δ trilayers.
∗ tel.: +41-56-310-3670, fax: +41-56-310-3294, email:
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2. Experiments and results
We used polarized positive muons with energies up to
30 keV to investigate the local properties of thin films
composed of 75 nm thick layers of the HTS YBa2Cu3O7−δ
and a 50 nm thick non-superconducting barrier of
PrBa2Cu3O7−ε, with δ, ε ≪ 1. The c-axis oriented
films were grown epitaxially by magnetron sputtering on
10× 10 mm2 SrTiO3 substrates. The critical temperature
of the YBa2Cu3O7−δ layers given by resistivity measure-
ments is Tc = 88 K, whereas a 50 nm thick reference
film of PrBa2Cu3O7−ε displays semiconducting behav-
ior. For comparison also bulk µSR experiments on the
PrBa2Cu3O7−ε target material have been conducted at
the piM3 beam line of PSI. Zero field (ZF) and transverse
field (TF) measurements with the magnetic field applied
perpendicular to the muon spin and the film surface and
therefore parallel to the film c-axis, with the purpose to
investigate the magnetic properties of the barrier layer
and the superconducting properties of the top and bot-
tom layers, were performed. Fig. 1 shows low energy muon
stopping profiles in the studied heterostructure calculated
using the Monte Carlo code TRIM.SP [5]. The energies
chosen allow to investigate the properties of the three
different layers.
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Fig. 1. Selected low energy muon stopping profiles in
YBa2Cu3O7−δ–PrBa2Cu3O7−ε–YBa2Cu3O7−δ heterostructure.
The implantation energies of 11.0, 20.6 and 30.3 keV correspond to
mean implantation depths 〈zµ〉 of 40, 82 and 130 nm in the thin film.
In the ZF measurements spontaneous precession of the
muon spin ensemble is observed when the muons are im-
planted in the PrBa2Cu3O7−ε layer inside the thin film
heterostructure (Fig. 2). Fig. 3 shows a comparison of the
local fields Bint at the µ
+ site as a function of tempera-
ture in the thin film and bulk samples. While the measured
local fields are roughly the same in the film as compared
to the PrBa2Cu3O7−ε powder sample, the depolarization
rate is higher in the film than in the powder – possibly a
consequence of strain and disorder in the film leading to a
wider field distribution at the muon site. Altogether, the
thin layer of PrBa2Cu3O7−ε displays similar antiferromag-
netic ordering of the copper moments in the CuO2 planes
below TN,Cu ≈ 285 K and of the praseodymium moments
below TN,Pr ≈ 17 K. These results are consistent with the
previous bulk studies [6].
For further investigation of the local fields in the antifer-
romagnet we have performed a TF LE-µSR experiment at
T = 120 K well below TN,Cu (µ0Happ ≫ Bint and parallel
to the film c-axis). The measured field distribution p(B)
is compared with the powder data in Fig. 4. In the pow-
der, p(B) extends from µ0Happ − Bint to µ0Happ + Bint
as expected for randomly oriented internal fields. By con-
trast, in the thin film, besides a peak at the external field
value originating from background muons and those stop-
ping in the adjacent YBa2Cu3O7−δ layer, only contribu-
tions at µ0Happ±Bint are present. This p(B) can be under-
stood by considering the local fields at the µ+-site in the
unit cell of PrBa2Cu3O7−ε generated by the ordered copper
moments in the CuO2 planes. In this compound the most
probable site is close (about 0.1 nm away) to the chain oxy-
gen atom [7,8]. Taking into account the Cu moments µCu =
0.58µB as determined by neutron scattering [9] the sum of
the dipolar fields at the µ+-position is in good agreement
with the measured fields and is mainly directed along the
c-axis of the structure. Therefore, the observation that the
local fields are just the sum of the applied and the internal
0.00
0.05
0.10
0.15
0.20
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Time (µs)
T ~ 100 K
powder
0.00
0.05
0.10
0.15
0.20
0.25
As
ym
m
et
ry
heterostructure
Fig. 2. ZF asymmetry spectra of PrBa2Cu3O7−ε powder and the tri-
layered thin film at T ∼ 100 K. In the heterostructure the muons are
implanted with an energy of 20.6 keV in the central PrBa2Cu3O7−ε
layer (cf. Fig. 1). The spectra show a similar spontaneous spin pre-
cession frequency in both samples, while an increased depolarization
is found in the film.
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Fig. 3. Temperature dependence of the local magnetic field in the
PrBa2Cu3O7−ε layer of the heterostructure (solid triangles) and
in PrBa2Cu3O7−ε powder (open symbols). The splitting in two
frequencies below TN,Pr as seen in the powder cannot be resolved in
the thin film due to the higher depolarization rate.
field of the antiferromagnet confirms the good epitaxy with
c-axis orientation of the PrBa2Cu3O7−ε barrier layer.
In the YBa2Cu3O7−δ layers we expect magnetic flux to
enter the material in form of vortices if a field larger than
the lower critical field Hc1 is applied. The formation of a
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Fig. 4. Comparison of the field distribution in the PrBa2Cu3O7−ε
layer of the thin film heterostructure (solid line and circles) and
in PrBa2Cu3O7−ε powder (dashed lines and open symbols) at
T = 120 K (µ0Happ ≫ Bint). In the thin film field distribution aside
from the background peak as a consequence of the good c-axis growth
there are only contributions at µ0Happ ±Bint, while in the powder
p(B) has finite values between µ0Happ−Bint and µ0Happ +Bint as
expected for randomly oriented internal fields.
regular flux line lattice and its evolution across the surface
of a single 700 nm thick YBa2Cu3O7−δ layer was observed
in a previous experiment [10]. In this experiment we applied
a magnetic field of 9.7 mT at a temperature above the su-
perconducting transition, field cooled down the sample to
T = 10 K and measured the field distributions at different
positions inside the two YBa2Cu3O7−δ layers of the het-
erostructure. In case of a rather regular vortex lattice one
expects an asymmetric field distribution [11] with a max-
imum at that field value found between two vortex cores
(saddle point field Bsad) and a tail to high magnetic field
values corresponding to positions close to the vortex core.
The saddle point field is shifted diamagnetically from the
applied field B0, which in our thin film geometry is equal
to the first moment of the field distribution. In the case of
pronounced vortex disorder or in the melted vortex state
the tail to high fields is not present [12].
Fig. 5 shows the field distributions for selected tempera-
tures at a mean muon implantation depth of 40 nm below
the surface of the top YBa2Cu3O7−δ layer. Besides a back-
ground contribution centered at the applied field, below Tc
the typical asymmetric lineshape with a high field tail in-
dicating the formation of quite a regular flux line lattice is
observed. This line shape becomes more pronounced with
decreasing temperature. The diamagnetic shift of the sad-
dle point increases with decreasing temperature reflecting
the decreasing magnetic field penetration depth λab (T ).
This can also be seen in Fig. 6. It depicts the temperature
dependence of the width σ of the field distribution for mean
implantation depths of 40 nm and 130 nm (in the lower
lying YBa2Cu3O7−δ layer) obtained from time domain fit-
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Fig. 5. Measured field distributions at a mean muon implantation
depth of 40 nm in YBa2Cu3O7−δ for various temperatures. For
clarity the curves are shifted vertically.
ting. Both quantities – the width of the distribution and
the saddle point shift (not shown for 〈zµ〉 = 130 nm) – are
similar for the top and bottom layers.
In the bulk in the case of a regular vortex line lattice
of hexagonal symmetry the London penetration depth is
related to the second moment of the field distribution by
following expression [13]:
〈∆B2〉 = 0.00371 ·
Φ20
λ4
(1)
and the saddle point shift [11] by
〈B〉 −Bsad =
2
3
ln 2
Φ0
4piλ2
. (2)
In our case, both expressions cannot be simply used for
an estimate of the penetration depth in the YBa2Cu3O7−δ
thin layers because 〈B〉 − Bsad becomes depth and thick-
ness dependent. This difference decreases on approaching
the film surface as a consequence of the spreading of the
field lines. In the case of a semi-infinite layer the spread-
ing occurs over a depth of the order a/2pi, where a is the
inter vortex distance [10]. In a 75 nm thin layer this effect
is expected to be even more pronounced, since a ≈ 500 nm
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Fig. 6. Temperature dependence of the width of the field distribu-
tion, where σ2 = γ2µ〈∆B
2〉; open circles represent data taken at
a mean muon implantation depth 〈zµ〉 = 40 nm, solid squares at
〈zµ〉 = 130 nm.
and therefore a/2pi is of the same order of magnitude as
the layer thickness. Similar considerations are valid for the
second moment of the field distribution. However, the mea-
sured shift of about 1.1 mT at the lowest temperature is
not far away from the bulk value of 1.9 mT with a typical
λab ≈ 200 nm found in these YBa2Cu3O7−δ layers. This
may reflect the presence of a possible coupling of the vortex
lines of the top and bottom layers increasing the effective
thickness. For a correct determination of the penetration
depth from studies of the vortex state in a thin film [14]
or heterostructure the exact 3D structure of the magnetic
field lines in the top and bottom layers have to be taken
into account. Possible coupling effects of the superconduct-
ing layers across the antiferromagnetic barrier are under
investigation in the Meissner geometry where a magnetic
field is applied parallel to the ab-planes and a more accu-
rate determination of the penetration depth in the single
layers is possible.
3. Conclusion
In conclusion, we have studied by low energy µSR su-
perconducting and magnetic properties of a c-axis ori-
ented thin film heterostructure consisting of two 75 nm
thick YBa2Cu3O7−δ layers separated by a 50 nm thick
layer of PrBa2Cu3O7−ε. ZF as well as high TF experi-
ments show that the antiferromagnetic properties of the
PrBa2Cu3O7−ε constituent are similar to those known
for bulk samples. TF studies of the layers of the HTS
YBa2Cu3O7−δ show the formation of a relatively regular
flux line lattice in both layers.
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